I. INTRODUCTION
The ability to predict ecosystem instabilities is of great importance today because so many environmental conflicts are essentially disputes about stability:::-they boil down to a difference of opinion about whether a given man-induced aisturbance of a system is likelyto result in a severe disruption or merely a gentle recoil. What intensifies the importance of this problem is the fact that our species is now capable of adding to or subtracting from our natural su~roundings on a scale comparable to the scale of.natural processes. Thus, for example, the intensity at which waste heat is released by urban dwellers into their surroundings is in many cities 20% or more of the solar fluX. Other disturbances such as the unsettling and dispersal of heavy metals into marine food chains during dredging operati~ns, the disruption of fresh water supplies and sub-surface organisms during and after strip mining operations, or the release of toxic substances in fuel combustion, are not merely perceptible, but gross alterations of our no-longer natural environment. Potential instabilities that may result from these and other perturbatiOns range from the loss of certain species to the creation of local dustbowls to global climate·modification.
Because the disturbances of our .environment are not infinitesimal but finite, the traditional tools for studying the stability of complex systems are clearly inadequate. From a practical view, not only do we have to deal with finite perturba--2-tions, but also with ecosystems which do not settle down to precisely their unperturbed states after we disturb them. Rather, what we can reasonably hope.for is that the initial perturbation will not propagate in such a way that the system is pushed beyond tolerable limits.
· Thus, we are led to the concept of practical stability. 1
This concept is intermediate between local and global stability.
Local stability, utilizing the community matrix approach to a linearized system, is a mathematical nicety but, as we have mentioned, both too weak (as it is only reliable for infinitesimal perturbations) and too stringent (as it requires the system to return to its unperturbed state after the perturbation.) On the other hand, the requirement of global stability is too strong because we do not expect real systems to be stable under arbitrarily large perturbations.
A mathematical method exists for dealing with practical stability 1 --a modification of the Liapunov Direct Method. The results of some ecosystem studies using this method will be described here. We have obtained some interesting results, especially pertaining to the role of decomposers and feedback loops in an ecosystem. Furthermore, our methods allow some new insight into the role of fluctuations in systems and a possible understanding of the direction of successional trends .
. The goal of our studies is the elucidation of ecosystem parameters which correlate with stability. The xi refer to the components of the system and the~wi are any other parameters upon which the time derivatives may depend.
(1)
Phenomena such as time delays or.stochasticity can be incorporated within this general form.
Suppose we are given an initial, unperturbed state of the system,. xi' which may be time-independent { a steady state)
or time-dep~ndent (e.g. a limit cycle.) In Fig. 1 we plot the trajectory of such a state. If the state is perturbed at some time to a new value x. + 6.x. shown in the figure (6.x. not necessarily
infinitesimal) then two options (see Fig. 1 ) are possible: i) the perturbed state, xi' may or may not return ultimately to the unperturbed state, x., but it will never evolve further from the unper-1 turbed state than some preassigned tolerance; ii) it will evolve in time so as to exceed the preassigned tolerance. Our problem is to determine which option occurs. This function has the property that it vanishes at the origin, it is monotonically increasing in the entire /J.x. plane, and 
zero.
It is convenient to write the coefficients, B .. , in the It is the organizational structure (patterns of pathways) of the ecosystem which determines which of the off-diagonal elements are non-zero, and therefore which places limits ori the size of the domain of stability. In the following section we explore the implications of these ideas for various models of ecosystem.
III. MODELS AND APPLICATIONS
Let us consider three broad categories of ecological organization: 
is a Liapunov function for the system. Moreover
for all x., indicating·· global stability if all k .. < 0. Because the .
....
-9-will not affect stability, but increasing the number of pathways in the food web by introducing, for example, more competitors at each trophic level will add off-diagonal elements to the B-matrix; this tends to diminish the size of the domain of stability.
Type i i Systems. Fig. 4 s~ows the pattern of pathways of a closed nutrient cycle.· This cycle, and the model equations shown in the figure are a simple representation of carbon flow in a four level system consisting of photosynthesizers, the inorganic nutrient pool (which we take in this case to be the atmosphere), th,e decomposers', and organic Litter (fallen leaves, dead trees, etc.) We have assumed that negligible amounts of carbon are added to or lost from the system (for example, there is no exchange with the ocean.)
It is possible to construct a Liapunov function for this system and with it to establish the asymptotic stability of its steady state solutions under the class of finite perturbations which are constrained to conserve the total amount of carbon. The Liapunov function is x.
where the ci are moderately complicated functions of the xi.
Thus the closed system is asymptotically stable against the arbitrary sliding of carbon from one level to another. From this result., and the fact that a steady state solution exists for every value of the total quantity of carbon in the system, it follows that this closed system is not asymptotically stable against perturbations which do not conserve the total amount of carbon. If the perturbation theorem on quadratic forms discussed above, our system is stable for perturbations which are initially within a domain of the x. 
We see that the domain of stability may now no longer be global; for 
-13-tend to have a greater stability domain: 'than systems satisfying the opposite inequality? In other words, are resource-limited systems more stable than those existing well below a saturation level?
An.amusing relation between div'ersity and stability also emerges from this analysis. Let us enlarge the LatkaVolterra "superstructure" of the system by extending the matrix, Eq. 7, to the upper left so that we consider anN-component system. 
and the aii's. Now bli is proportional to the rate, per unit mass, at which x. is cycled back to the organic litter level. We expect 1 this quantity to be roughly independent of i and we henceforth take it to be a constant. Referring to Eq. 10 we note that if a .. in-11 creases less rapidly than i, then the summation will diverge as N 7 oo and D~ will become negative at some critical value of N. · D~ can remain positive as N ~ oo only if a .. increases faster than i.
11
What does this imply? Fori> 3, a .. = ~.y .. will not diverge. To create a divergence and thus drive the determinant negative, we would have to assume that both S . . 1 ~ S. affect stability.
IV. SUMMARY AND SPECULATIONS
We have described here several results of an investigation of the finite stability domain of ecosystem models including those incorporating decomposer and detritus pathways. While only the surface of this subject has been scratched by our work, several pertinent results have emerged. Among these are two which may be of practical interest:
i. Stability and diversity. . We have distinguished several kinds of diversity here. There is vertical diversity referring to the number of levels in the trophic structure, and horizontal diversity, referring to the variety of competitors at each leveL And then there is diversity of species and diversity of pathways. What we have shown here is that increasing the number of trophic levels generally has no effect on the size of the domain of asymptotic stability. The exception to this occurs if the food web is not pyramidal in shape but rectangular or inverted. Then the system can rapidly destabilize as the number of levels grows. We have also -16-shown that increasing horizontal diversity generally leads to a decreasing domain of asymptotic stability, although if the ratio of the number of pathways to the number of species is kept sufficiently bounded, then both can increase without diminishing stability.
ii. Sensitivity of feedback systems. We have shown that damage to the decomposers or the organic or inorganic.nutrient pools in an ecosystem is a potential sourceof instability-greater, perhaps, than that arising from tampering with the more visible predator-prey components of the system. Activities of man which diminish the cycling capability of an ecosystem should be viewed with caution if these results stand up under further analysis.
There are numerous practical problems to which stability analysis such as this might be applicable. Study of the global carbon cycle might reveal thresholds for climatic instability, or at least provide insight into the ultimate fate of the carbon dioxide released by fossil fuel consumption.
Our methods might also be useful for evaluating the potential for rehabilitating strip-mined lands which have had their detritus-decomposer pathways altered. Insight into the vulnerability of desert and tundra systems with low reserves of litter and slow cycling times might also be obtainable.
We close with several speculations. Let us recall the .,
-17-to view succession as the progression of the system into an ever.
more resilient configuration? If so, then the evaluation of a suitable measure of resilience may provide a guide to the direction of these successional trends.
As a suitable measure, we propose the use of.either the quantity ld A= -minimum over ~xi of Czdt ln L) or, if one is only concerned with neighborhood stability, A= -minimum over i of (A.)
where the \ are the eigenvalues of the community matrix of the system. Fora stable system, either is roughly a measure of the lowest resilience or recovery rate for a perturbed state to return to its unperturbed value. In the limit of small ~x., the .two definitions of A agree.
1
A is a quantity which should be of practical interest to those concerned with environmental impacts. For even though mathematical modeling may suggest that a system is asymptotically stable, a high resilience is still desirable as it proves a safety factor against the unexpected.
lf we assume that A is maximized during succession, then we may be able to understand the course .of succession. Moreover, if the equations of motion were sufficiently reliable, then if A is evaluated for a time-dependent solution it may be possible to use the dynamical equations to show that A is increasing in time.
We have only been able to apply this idea so far to several simple models. A number of simple two and three level systems describing the flow of carbon have been analyzed arid lead to the result that A is maximized for a certain fixed ratio (which turns out to be 4) of the equilibrumamount of carbon in plants to carbon in the atmosphere. This result will be described in detail in a forthcoming paper. It will be interesting to determine how A depends upon such quantities as the total biomass,·pathway diversity, or productivity of model and laboratory systems. system is structurally stable, but the solutions all approach steady states. We hypothesize that in the latter cas·e, with damping, the presence of small fluctuations in the kij (for i f. j) will not only preserve the stability of the system but also excite the cyclic modes of the 4. This class of models includes those characterized as follows: Separate the net increasing and decreasing contributions to dxi/dt dx. Further assume that gi (xi =0, Xj ;H arbitrary) =0, that fi does nof grow faster than linearly in xi and that fi/gi--+-0
Then such a B-matrix can be constructed. Of course, a wider class of models which are not expressible as sums of products of powers and which are quite difficult.to characterize, will also lead to such a B-,matrix.
5. The treatment of an unperturbed periodic or nearly periodic state involves an averaging procedure which will be discussed in a forthcoming paper. For the rest of this paper,attention will be limited to steady states.
6. See R. Fraser, W. Duncan, and A. Collar, Elementary Matrices, Cambridge University Press, 1957. 7. We say "at least as big"_because the actual domain of stability can be larger than that calculated from the principal minors. This is true for two reasons. First, the condition on the determinants arose from the requirement that the quadratic form be positive for all values of the 6xi's. Yet the condition restricts the 6xi's and thus the requirement on the quadratic form was overly stringent. Secondly, even if some of the determinants are negative so that dL/dt is no longer negative definite, dL/dt is not necessarily positive definite and thus there may not necessarily be a true instability. A better Liapunov function might be needed to resolve this ambiguity. For both these reasons we haVe a built in "safety factor" in our analysis. We suspect that safety factors are desirable in practical ecosystem stability modeling if for no other reason than that model descriptions of ecosystems are inevitably only approximate. It remains to be seen whether this is the most appropriate way to build in the margin of safety. . . 
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